1. Introduction {#s0005}
===============

Infections by neurotropic viruses are among the most common congenital infections in newborns and contribute directly to the development of blindness, hearing loss, cognitive deficits, and epilepsy ([@bb0065]). Further, viral infections in the central nervous system (CNS) are hypothesized to indirectly contribute to neurodegenerative and neuropsychiatric diseases later in life due to damage from a previous infection (e.g. schizophrenia, Parkinson\'s Disease) ([@bb0105], [@bb0110], [@bb0140]). While it is clear that many neurotropic viruses are capable of causing significant disease in the neonatal brain, the functionality of the anti-viral immune response and how it contributes to neuropathology in neonates is poorly defined.

Neuronal loss during CNS infections may occur through direct infection and killing of neurons by the virus or through the anti-viral immune response generated against the infected CNS cells. In the brain, a non-cytolytic approach to viral clearance could be favorable for infected neurons, as these cells are largely non-renewable. Lytic approaches to viral clearance, such as through granzymes and perforins, carry the risk of irreversible damage and cell death to the infected neurons, which could contribute to long-term neurological deficits. In many adult models of CNS infection, the pleiotropic cytokine interferon gamma (IFNγ) is key to suppressing viral spread while sparing the infected neurons through non-cytolytic clearance, thus limiting neuropathology and viral replication ([@bb0040], [@bb0095], [@bb0145], [@bb0225], [@bb0325]). However, in neonates, viruses often spread rapidly in brain tissue despite the initiation of an immune response ([@bb0095], [@bb0130], [@bb0170]). This demonstrates the importance of better defining neonatal immune responses within the CNS.

Evidence from peripheral infections shows that the neonatal immune response induces a distinct cytokine profile when compared to an adult response against the same pathogen (reviewed in ([@bb0005])). Depending upon the type and dose of antigen, neonatal T cells often skew toward a Th2-like response (including production of IL-4, IL-5, and IL-13) as opposed to a Th1 response, characterized by the production of IFNγ and TNF ([@bb0385]). During a CNS infection, one could hypothesize that a Th1 response would be preferred in order to ensure adequate IFNγ expression and control viral replication in developing neurons while minimizing neuronal loss. However, IFNγ also has been shown to play both neurotoxic and neuroprotective roles for developing neurons, making the influence of IFNγ in controlling neonatal infections in the brain less clear ([@bb0185], [@bb0210]).

In the current study, our goal was to examine how IFNγ impacts the neonatal immune response generated against virally-infected neurons. To accomplish this, we used the transgenic CD46+ mouse, which expresses the human isoform of the measles virus (MV) receptor CD46 under the control of the neuron-specific enolase (NSE) promoter ([@bb0245]). Thus, human CD46 expression and viral infection are restricted to mature CNS neurons. We evaluated adult and neonatal CD46+ mice lacking IFNγ or lacking adaptive immune cells for the development of an anti-viral immune response against MV-infected neurons in the brain. We show that IFNγ delays mortality and limits immune cell infiltration into the CNS of neonatal mice, but is insufficient to control viral spread or prevent mortality, despite an associated Th1-like cytokine profile in the brain.

2. Materials and method {#s0010}
=======================

2.1. Animals and ethics statement {#s0015}
---------------------------------

Mice were maintained and treated in accordance with the Institutional Animal Care and Use Committee of Duquesne University and the *NIH Guide for the Care and Use of Laboratory Animals*. CD46+, CD46+/IFNγ knockout (KO), and CD46+/Recombination activating gene 2 (RAG-2) KO mice (A gift from Dr. Glenn Rall; Fox Chase Cancer Center, Philadelphia, PA) were maintained on a 12:12 light/dark cycle under controlled temperature conditions (20 ± 2 °C) with free access to food and water. Harem mating cages were established for the CD46+, CD46+/IFNγ KO and CD46+/RAG2 KO mice in order to generate neonatal pups for infections.

2.2. Measles virus infections and IFNγ treatments {#s0020}
-------------------------------------------------

Mice were infected with Measles virus (MV)-Edmonston obtained from the ATCC (American Type Culture Collection; Cat. No: VR-24). The virus was passaged twice in Vero fibroblasts. The inoculum was diluted to 10,000 plaque forming units (PFU)/10 μl with phosphate-buffered saline (PBS) prior to injection.

On postnatal day 2 (P2), pups were intracerebrally injected with virus, using a 27½ gauge needle, along the cerebral midline. The uninfected control group was injected in the same location with an equal volume of PBS (10 μl). Pups were monitored daily for symptoms of illness (seizures, tremors and dehydration) and survival, up to 35 days post-infection. Mice were euthanized if seizures developed. Adult mice (3--4 months of age) were anesthesized with isoflurane and injected with 30 μl (30,000 PFU) of MV along the cerebral midline. Infected mice were monitored for signs of illness daily throughout the course of infection. For pups receiving recombinant murine IFNγ, 100 U of IFNγ (BD Biosciences) was injected intracranially with the virus at the time of infection. Pups received an interperitoneal injection of IFNγ (100 U in 10 μl PBS) every three days afterwards until the mice succumbed to the infection.

2.3. Quantitative RT-PCR {#s0025}
------------------------

Quantitative RT-PCR for measles virus nucleocapsid (N) was performed as described previously ([@bb0205]). Mouse brains were snap frozen in liquid nitrogen and stored at − 80 °C. RNA was isolated by TRIzol, according to the manufacturer\'s instructions (Sigma-Aldrich). Contaminating DNA was removed from RNA preparations using DNase I treatment (Invitrogen). Purified RNA was quantified using a Nanodrop instrument. RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Ambion) and a mixture of anchored oligo-dT and random decamers. For each sample, two reverse transcriptase reactions were performed with inputs of 100 and 20 ng. An aliquot of the cDNA was used for 59-nuclease assays using TaqMan chemistry. A TaqMan set specific for the N gene of MV (GenBank sequence AB046218) was used for detecting viral nucleocapsid RNA. Sequences were as follows: forward, 59-CGCAGGACAGTCGAAGGTC-39; reverse, 59-TTCCGAGATTCCTGCCATG- 39; probe, 59-6Fam-TGACGCCCTGCTTAGGCTGCAA-BHQ1-39. Assays were used in combination with Universal Master mix and run on a 7900 HT sequence detection system (Applied Biosystems). Cycling conditions were 95 °C, 15 min, followed by 40 (twostep) cycles (95 °C, 15 s; 60 °C, 60 s). The assay for MV-N was validated with a 4-fold five-points dilution curve of cDNA. The slope was 23.54, corresponding to a PCR efficiency of 95%. For each sample, the values are averaged and SD of data are derived from two independent PCRs. Relative quantification to the control was done using the comparative cycle threshold method.

For qRT-PCR analysis of the pathogen recognition receptors and interferons, we reverse transcribed RNA using QuantiTect Reverse Transcription Kit (20531, Qiagen) to produce cDNA, then amplified using primers from Integrated DNA Technologies (Coralville, IA). The sense and antisense primer sequences are available upon request ([@bb0180], [@bb0390]). Real time PCR was performed using Bullseye EvaGreen qPCR Mastermix (MIDSCI) on an StepOne Plus qPCR detection system ([Thermo Fisher Scientific](https://www.thermofisher.com/order/catalog/product/4376600){#ir0005}) using a MicroAmp Fast optical reaction plate (4346906, Applied Biosystems). mRNA was quantified as ΔCT (threshold cycle) values relative to GAPDH. ΔCT values of the infected samples were expressed as fold changes over ΔCT values of control samples.

2.4. Flow cytometric analysis of brain homogenates {#s0030}
--------------------------------------------------

At specific days post-infection (dpi), mice were deeply anesthetized with isoflurane. Once the mice were unresponsive, the brain and spleen were removed and pressed through a nylon mesh cell strainer in PBS. The dissociated tissue was run over a 30/70% discontinuous Percoll gradient for 20 min at 4 °C. Mononuclear cells were collected from the interface, washed with PBS, treated with 0.84% ammonium chloride to remove contaminating red blood cells (RBCs), and washed again in PBS. Primary antibodies (Abs) were applied in a solution of 1% fetal bovine serum/PBS for multi-color flow cytometry. The following Abs (BD Biosciences) were used to identify T cells: APC CD8a (561093), FITC CD19 (557398), PE CD4 (553048), and PerCP-CY™ 5.5 CD3 Molecular complex (560527). To identify NK cells, APC NK1.1 (55067), PE CD49b (553858), PerCP-CY™ 5.5 CD3 Molecular complex (560527), and FITC CD19 (557398) were used. All antibodies were added at a concentration of 600 ng/ml. To identify neutrophils, PerCP CD45 (557235), CD11b APC (eBioscience 17-0112-81), and Ly6G FITC (551460) are used at 1:50 dilution. Microglia and macrophages were distinguished by CD45^intermediate^/CD11b^+^ and CD45^high^/CD11b^+^ staining, respectively. Cells were incubated with Ab for 1 h at 4 °C and then washed with 1% FBS/PBS. Pelleted, stained cells were resuspended and analyzed in a BD Accuri CFlow flow cytometer (BD Biosciences). For each sample, 1 × 10\^5 events were run, with gates to exclude debris and doublet cells. Single antibody stains were used for color compensation and isotype controls were used for gating each immune cell marker. ([@bb0205]).

2.5. Immunohistochemistry of mouse brain tissue {#s0035}
-----------------------------------------------

Neonatal and adult mice were anesthetized and perfused with ice-cold 4% Paraformaldehyde/PBS (PFA/PBS). Brains from MV-infected and mock-infected neonates and adults were collected and cut along the midline into two halves. The brains were post-fixed with 4% PFA/PBS and cryoprotected with 30% sucrose in PBS at 4 °C. Then the brains were immersed in tissue embedding compound (TFM-5, TBS), frozen in a dry ice-isopentane bath, and stored at − 80 °C. Sagittal cryosections (16 μM) were cut on a cryostat (Microm HM-550, GMI). Standard immunohistochemistry was performed to detect mouse anti-measles hemagglutinin (Millipore MAB8905; 1:200), mouse measles matrix protein (Millipore MAB8910; 1:200), and rabbit anti-ionized calcium-binding adapter molecule 1 (Iba1) (Wako 019-19741; 2 μg/ml) for microglia/macrophages overnight at 4 °C. Sections were washed (3× in PBS) and incubated with Alexa fluor 488 donkey anti rabbit IgG (Molecular Probes A21206; 1:500), Alexa fluor 555 goat anti-mouse IgG (Molecular Probes A21424; 1:500) secondary antibodies, and Hoechst 33,343 stain (Thermofisher; 1 μg/ml) for 1 h at room temperature in the dark. Sections were imaged using an EVOS epifluorescence microscope at 200× magnification. No primary antibody and isotype controls were performed. For all the histological analyses, at least five sections per brain were examined and at least four mice per experimental group were assessed.

2.6. Western blot {#s0040}
-----------------

Adult and neonatal CD46+ mice (7 dpi and age-matched controls) were anesthetized with 3.8% choral hydrate in PBS and perfused with ice-cold PBS with 10 mM sodium fluoride as a phosphatase inhibitor. Brains were harvested and dissected for the hippocampus and cerebellum, weighted, and lysed in 1× Cell Lysis Buffer (Cell Signaling Technology, Danvers) with 1× Protease Inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) (20 μl lysis buffer/mg tissue). Protein lysates were stored at −80 °C until analysis. The protein concentration of each lysate was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher, New York, NY). For each sample, 20 μg of lysate was subjected to sodium dodecyl sulfate--polyacrylamide gel electrophoresis on NuPAGE 4--12% Bis-Tris gels (Life Technologies, Grand Island, NY). The gel was blotted onto Immobilon-FL Membrane (Millipore, Billerica, MA) and the membranes were blocked using a 1:1 mixture of 1× phosphate buffered saline/Tween-20 solution (Sigma-Aldrich, St. Louis, MO) and Odyssey blocking buffer (Licor Biosciences, Lincoln, NE) for 30 min at 20 °C. The membranes were treated with primary antibody solutions diluted in a 1:1 mixture of 1× phosphate buffered saline/Tween-20 solution (Sigma-Aldrich, St. Louis, MO) and Odyssey blocking buffer (Licor Biosciences, Lincoln, NE) overnight at 4 °C on a rocker. The membranes were washed thrice with PBS-Tween for 10 min each and incubated in secondary antibody solutions (donkey anti-mouse 680, goat anti-mouse 800, goat anti-rat 800 (Licor Biosciences; 1:10,000), or goat anti-rat 680 (1:1000; Licor Biosciences) for 60 min at 20 °C. The membranes were washed thrice in PBS-Tween and imaged on the Odyssey Infrared Imaging System (Licor Biosciences, Lincoln, NE). Individual bands were quantified using Image Studio software (Licor Biosciences, Lincoln, NE, version 3.1.4). The signal from each band was normalized against the GAPDH signal as a loading control. Primary antibodies used were as follows: rat anti-TLR3 (Novus Biologicals NBP2-27404; 1:250); rat anti-TLR7 (R&D Systems MAB7156; 1:500), rat anti-RIG-1 (BioLegend \#635202; 1:500), and mouse anti-GAPDH (Millipore MAB374; 1:25,000).

2.7. Cytokine and chemokine gene expression {#s0045}
-------------------------------------------

RNA was isolated from adult and neonatal mouse brains using the Qiagen RNeasy Midi Kit (75124, Qiagen, Valencia, CA). The extracted RNA was assessed by UV spectrophotometry to measure concentration and purity on a Nanodrop (ND-1000, Thermo Scientific). Cytokine and chemokine gene expression was assessed using the mouse cytokine and chemokine RT2 Profiler PCR Arrays (PAMM-150Z, Qiagen) by the manufacturer. The expression of 84 inflammatory genes and 5 housekeeping genes were assessed. Data analysis was done using the SABiosciences RT2 Profiler Web-Based PCR Array Data Analysis software, which automatically performs the Delta Ct (ΔΔCt) fold-change calculations from the uploaded raw threshold cycle data. The fold-change in infected brains as compared to uninfected controls was calculated after normalizing to the housekeeping genes.

2.8. Statistical analysis {#s0050}
-------------------------

Statistical analysis for the Kaplan-Meier plots was performed by log rank test to compare survival across different genotypes. A two-way ANOVA was performed to compare body weight, brain weight, viral load, NK cell, T-cell, and macrophage/microglial counts, qRT-PCR, and western blot data with Bonferroni post hoc test (p \< 0.05 considered as significant). A one-way ANOVA was performed to compare neutrophil infiltration. For the cytokine/chemokine array and T cell counts from IFNγ-treated mice, p values were calculated based on a student\'s *t*-test to compare the control and treatment groups. Differences were deemed significant when p values were \<0.05. Statistical analysis was performed using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA) and SPSS.

3. Results {#s0055}
==========

3.1. IFNγ delays, but does not prevent, mortality in infected neonates {#s0060}
----------------------------------------------------------------------

To understand the antiviral response in the neonatal CNS, we used the CD46+ mouse model to establish a neuron-restricted measles virus infection in the brain. Immunocompetent CD46+ adult mice initiate a protective adaptive immune response with infiltration of CD4 and CD8 T cells as early as 3 days post-infection (dpi), with peak T cell infiltration between 7 and 14 dpi. MV infection is resolved typically by 30 dpi without any symptoms or signs of illness ([@bb0225]). Both T cells and IFNγ are critical to the survival of adult CD46+ mice. CD46+ adult mice lacking mature T and B cells (CD46+/RAG2-KO) experience 100% mortality during infection, whereas CD46+ adult mice lacking only B cells do not succumb to the infection ([@bb0300]). CD46+ adult mice that lack IFNγ (CD46+/IFNγ-KO) do not clear the virus, with \~50% of the mice succumbing to the infection within 21 dpi ([@bb0205]). In order to study the outcome of infection in neonates, 2-day old CD46+ mice were infected with MV and monitored for signs of illness and mortality over a similar time frame ([Fig. 1](#f0005){ref-type="fig"}A). As a control for the injection procedure, CD46+ neonates were injected with 10 μl of PBS intracerebrally and did not show signs of illness and over the course of the experiment. MV-infected CD46+ neonates succumbed to the virus by 16 dpi, with 50% mortality by 8 dpi. During the infection, MV-infected neonates showed signs of illness including dehydration, lethargy, and tremors starting at 6dpi, with seizure activity before death.Fig. 1IFNγ delays, but does not prevent, mortality despite higher viral load in infected CD46+ neonates.A. Kaplan-Meier plot of CD46+ neonates on various knockout backgrounds. CD46+, CD46+/IFNγ-KO, and CD46+/RAG2-KO neonates were infected intracranially with measles virus (MV) (10\^4 PFU/10 μl PBS) at 2 days of age. Mice were monitored for symptoms of illness and death for 35 days post-infection. Statistical analysis was applied by log rank test (p \< 0.0001). Results from 4 to 6 separate litters were pooled (n = 30--50 mice per condition).Whole brain lysates from neonatal (B) and adult (C) MV-infected mice were collected at 4 and 6 dpi. RNA levels of measles virus nucleocapsid (N) transcript were quantified using qRT-PCR. Bars represent the average of mice from three independent experiments (n = 9--14) and error bars represent SD. Statistical analysis was applied by two-way ANOVA (\#p \< 0.001, \*p \< 0.05, NS = not significant) with Bonferroni post hoc test.Fig. 1

Previous studies have shown that IFNγ-producing T cells are required for MV control in adult CD46+ mice ([@bb0150], [@bb0205], [@bb0225]). To determine if IFNγ contributed to the outcome of infection in neonates, CD46+/IFNγ-KO pups were infected with MV and observed for signs of illness ([Fig. 1](#f0005){ref-type="fig"}A). MV-infected CD46+/IFNγ-KO pups succumb to the infection earlier than CD46+ pups, reaching 100% mortality by 10 dpi. We also investigated the role of the adaptive immune system in neonates using recombinase activating gene 2 knockout mice (CD46+/RAG2-KO). We observed that CD46+/RAG2-KO neonates survive longer than CD46+ and CD46+/IFNγ-KO neonates. At 35 dpi, 20% of CD46+/RAG2-KO neonates had survived the infection with less signs of illness than the other CD46+ genotypes. These observations suggest that the adaptive immune response may play a detrimental role during neonatal infection, in contrast to the protective role that it plays in the adult brain. Furthermore, these findings demonstrate that IFNγ delays the pathogenic outcomes of infection, but is insufficient to protect the CD46+ neonates from death.

3.2. Measles virus RNA is lower in the absence of IFNγ compared to CD46+ neonates {#s0065}
---------------------------------------------------------------------------------

Because CD46+/IFNγ-KO neonates succumb to the infection earlier than CD46+ neonates, one possibility is that MV replication is greater in the absence of IFNγ, thereby leading to more rapid death. To determine if survival correlates with the viral load in the brain, expression of measles virus nucleocapsid (N) RNA was determined in brain tissue using qRT-PCR ([Fig. 1](#f0005){ref-type="fig"}B and C). We focused on 4 and 6 days post-infection, as these time points correspond with early T cell infiltration (4 dpi) and with more extensive T cell infiltration (6 dpi). Regardless of immune background, MV RNA increased in all neonates over time, although this increase was only significant in CD46+ pups (p \< 0.001). Unexpectedly, CD46+ neonates had a higher viral load compared to CD46+/IFNγ-KO (p \< 0.05) and CD46+/RAG2-KO neonates at 6 dpi (p \< 0.001, [Fig. 1](#f0005){ref-type="fig"}B). Thus, the level of viral RNA did not correlate with survival in the CD46+ neonates ([Fig. 1](#f0005){ref-type="fig"}A). This result suggests that the virus may not be directly causing death in neonates, but rather the nature of the host immune response may be a better predictor of survival. Regardless of genotype, levels of MV N-transcripts were higher in neonates than in adults ([Fig. 1](#f0005){ref-type="fig"}C), which may reflect both a more successful anti-viral response in adults and/or the ability of the virus to readily spread in young neurons.

3.3. Impact of MV-infection on body and brain weights {#s0070}
-----------------------------------------------------

MV-infected neonates develop neurological symptoms, including ataxia and seizures, as well as signs of wasting and dehydration. In \~8% of CD46+/IFNγ-KO neonates, enlarged heads and skulls were observed at the later stages post-infection (8--10 dpi). Upon dissection, edema was observed in the intracranial space, with fluid accumulation in the brain and reduced brain size. In contrast, CD46+ neonates did not demonstrate overt changes in head size during the infection. Thus, we determined if the loss of body weight correlated with changes in brain weight during infection ([Fig. 2](#f0010){ref-type="fig"} ). At the initial stages of infection (2 dpi), there is no difference in the body or brain weight of MV-infected CD46+ ([Fig. 2](#f0010){ref-type="fig"}A and C) or CD46+/IFNγ-KO ([Fig. 2](#f0010){ref-type="fig"}B and D) neonates compared to uninfected controls. As the infection progresses, CD46+ neonates lose body weight at 4 dpi (11.7% loss compared to uninfected controls) followed by a transient increase in body (13.5%) and brain weight (6.2%; p \< 0.05) at 6 dpi. MV-infected CD46+/IFNγ-KO neonates also show an increase in brain weight at 6 dpi (13%), but there is no difference in body weights compared to control. At 10 dpi, MV-infected CD46+ (loss of 10.3% brain weight; 21% body weight) and CD46+/IFNγ-KO (loss of 14.3% brain weight; 29% body weight) neonates show a significant decrease in brain and body weight compared to age-matched controls. Thus, MV-infected pups showed limited growth at the end stages of infection (10 dpi), when neurological symptoms are also the most severe. The finding that brain weights increased at 6 dpi, regardless of IFNγ expression, was surprising, as neurological symptoms are apparent at this time point. However, one possibility is that the temporary increase in brain weight could be due to edema or increased fluid retention in the tissue at that stage of infection, as the brains were not dried to eliminate water weight before measurement. Regardless of the increase in weight at 6 dpi, the loss of brain and body weights occurred independently of IFNγ, even when edema was not present. The ratios of brain weight/body weight were similar for both CD46+ and CD46+/IFNγ-KO neonates regardless of infection (0.07 for both genotypes) at 6 dpi. However, at 10 dpi, the ratio increases in CD46+/IFNγ-KO neonates (0.1 in infected pups versus 0.05 for uninfected pups), but remains similar in CD46+ neonates (0.06 in infected and uninfected pups). Despite the reduction in brain weights in the absence of IFNγ, there is also a greater reduction in body weights at 10 dpi ([Fig. 2](#f0010){ref-type="fig"}D), which is indicative of the severity of wasting in the CD46+/IFNγ-KO pups.Fig. 2CD46+ neonates lose body and brain weight during infection.The body weights (A, B) and brain weights (C, D) of CD46+ (A, C) and CD46+/IFNγ-KO neonates (B, D) at different time points post-infection were measured. Weights were recorded at the time of harvest for flow cytometry experiments. Mean values are represented by horizontal bars for each condition. Statistical analysis was applied by two-way ANOVA (\*p \< 0.05) with Bonferroni post hoc test.Fig. 2

3.4. IFNγ limits microglia/macrophage numbers during infection {#s0075}
--------------------------------------------------------------

IFNγ stimulates the activation of microglia and induces expression of chemokines that are mediators of T-cell recruitment ([@bb0255]). During brain insults, circulating monocytes migrate to the breached blood brain barrier and enter the brain. Thus, both the infiltrating monocytes and microglia contribute to the neuroimmune response in the brain. We hypothesized that pups lacking IFNγ would show limited microglial/macrophage induction during infection. Microglia were identified by CD45^intermediate^/CD11b^+^ staining and macrophages by CD45^high^/CD11b^+^ in the brain by flow cytometry ([@bb0090]). In CD46+ neonates, we observed that there is no change in the number of microglia from 4 to 6 dpi ([Fig. 3](#f0015){ref-type="fig"}A). In CD46+/IFNγ-KO and CD46+/RAG2-KO neonatal brains, there is a significant increase in microglial numbers from 4 to 6 dpi (p \< 0.001). When compared across the genotypes, we observe that CD46+/IFNγ-KO neonates have the highest number of microglia at 6 dpi compared to CD46+ (p \< 0.001) and CD46+/RAG2-KO neonates (p \< 0.05). Similar to microglia numbers, neonates without IFNγ showed the highest infiltration of macrophages at 6 dpi ([Fig. 3](#f0015){ref-type="fig"}B). From 4 to 6 dpi, there is a significant influx of macrophages in CD46+/IFNγ-KO neonates post-infection, whereas CD46+/RAG2-KO neonates showed no change in macrophage numbers as the infection progressed. These findings suggest IFNγ may confer an anti-inflammatory effect in the neonatal CNS, as the numbers of macrophages/microglia were elevated in the absence of IFNγ.Fig. 3Infiltration of macrophages and activation of microglia/macrophages in the CNS occurs during MV-infection in an IFNγ-independent manner.Whole brain homogenates from CD46+ (A) and CD46+/IFNγ-KO (B) neonates were analyzed for microglia (A; CD45^intermediate^) and macrophages (B; CD45^high^) by flow cytometry. The horizontal line represents the mean number of cells for each condition. Results from 4 to 5 different litters were collected, and statistical analysis was applied by two-way ANOVA (\#p \< 0.001, \*p \< 0.05) with Bonferroni post hoc test. Whole brains from MV-infected and uninfected control CD46+ neonates (C) and CD46+/IFNγ-KO neonates (D) were collected at 7 dpi. Sagittal sections from the neocortex were immunostained for measles (Hemagglutinin and Matrix protein; red), microglia/macrophages (Iba1; green) and Hoechst 33,342 stain (blue) as a nuclear marker. Slides from 4 to 5 mice per condition were examined, and representative sections with MV + cells are shown. Scale bar = 200 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

We also examined changes in microglial/macrophage morphology in the brain parenchyma post-infection. Sagittal brain sections were immunostained for microglia/macrophages using Iba1 (green), which is a marker that shows increased expression in activated cells ([@bb0275]), and for measles virus antigen using antibodies against the matrix and hemagglutinin protein (red, [Fig. 3](#f0015){ref-type="fig"}). In CD46+ ([Fig. 3](#f0015){ref-type="fig"}C) and CD46+/IFNγ-KO brains ([Fig. 3](#f0015){ref-type="fig"}D), activated microglia/macrophages were observed with bright Iba1 staining in the brain parenchyma in comparison to uninfected controls. MV antigen was observed in the prefrontal cortex, thalamus, and cerebellum at 7 dpi regardless of IFNγ expression. At the later stages of infection (10 dpi), there is widespread MV infection throughout the CNS, including involvement of the hippocampus, which is also highly infected in adults (data not shown). Microglia/macrophages with bright Iba1 staining were consistently observed in close proximity to MV-infected neurons. In brain regions with MV+ cells, Iba1+ cells showed ameboid morphology with rounder cell bodies and retracted processes in both CD46+ and CD46+/IFNγ-KO pups. Iba1+ cells in uninfected brains show thin, ramified processes and with less intense Iba1 staining ([Fig. 3](#f0015){ref-type="fig"}C and D, top rows) in comparison to MV-infected brains. Thus, changes in microglia/macrophage morphology are observed in the absence of IFNγ, suggesting that other cytokines/chemokines can trigger activation during infection.

3.5. IFNγ does not affect natural killer cell infiltration, but limits neutrophil infiltration into the CNS {#s0080}
-----------------------------------------------------------------------------------------------------------

Natural killer (NK) cells play an important antiviral role by direct lysis of infected cells and/or release of antiviral cytokines such as IFNγ, particularly during early stages of infection before a specific adaptive response is mounted ([@bb0025], [@bb0220]). Since NK cells can be major producers of IFNγ, we investigated whether NK cells infiltrate into the brain parenchyma in neonates. As NK cells are part of the innate immune response, we quantified the early stages of infection (2 and 4 dpi) as well as a time point where T cell infiltration was increasing (6 dpi) ([Fig. 4](#f0020){ref-type="fig"} ). At 2 and 4 dpi, there is no significant difference in MV-infected pups compared to uninfected controls regardless of IFNγ expression. At 6 dpi, there is a significant increase in total NK cell number (NK1.1+, CD49b+, and NK1.1+/CD49b+) in MV-infected neonates compared to uninfected controls in both CD46+ ([Fig. 4](#f0020){ref-type="fig"}A, p \< 0.05) and CD46+/IFNγ-KO ([Fig. 4](#f0020){ref-type="fig"}B, p \< 0.001) genotypes. Collectively, this data show that NK cells arrive in the CNS during infection independently of IFNγ.Fig. 4IFNγ does not affect NK cell infiltration, but downregulates neutrophil infiltration, in neonates.Whole brain homogenates from CD46+ (A) and CD46+/IFNγ-KO (B) neonates were analyzed for total natural killer (NK) cell numbers at 2, 4, and 6 dpi by flow cytometry (CD3-/NK1.1+/CD49b+). The horizontal line represents the mean number of cells for each condition. Results from 4 to 5 different litters were collected, and statistical analysis was applied by two-way ANOVA (\#p \< 0.001, \*p \< 0.05) with Bonferroni post hoc test. Whole brain homogenates from MV-infected CD46+, CD46+/IFNγ-KO, and CD46+/RAG2-KO neonates (C) were analyzed for neutrophils numbers (CD45^hi^/CD11b+/Ly6G+) at 4 dpi and 6 dpi by flow cytometry. Results from 3 different litters were collected, and statistical analysis was applied by one-way ANOVA (\*p \< 0.05) with Bonferroni post hoc test.Fig. 4

We next investigated whether IFNγ affects neutrophil infiltration. Neutrophils are recruited early in viral infections, and can contribute to tissue damage through protease and oxidase release during viral clearance ([@bb0070]). Neutrophils are also capable of producing IFNγ in response to various pathogens ([@bb0330]). In neonates that lack IFNγ, neutrophil (CD45^hi^, CD11b+, and Ly6G+) infiltration is significantly higher compared to CD46+ neonates at 4 and 6 dpi ([Fig. 4](#f0020){ref-type="fig"}C). CD46+/RAG2-KO neonates also show progressively elevated levels of neutrophils in the CNS, but it is not significantly different from CD46+ or CD46+/IFNγ-KO neonates at either time point. This suggests that IFNγ may downregulate neutrophil recruitment in the CD46+ neonates during infection, and that excessive neutrophil infiltration may correlate with earlier death in CD46+/IFNγ-KO neonates.

3.6. Higher infiltration of neonatal T cells in the absence of IFNγ at later stages of infection {#s0085}
------------------------------------------------------------------------------------------------

Studies by Solomos and colleagues suggest that CD4 T cells, in conjunction with CD8 T cells or B cells, are required for viral control in CD46+ adults ([@bb0300]). Furthermore, T cell infiltration correlates with IFNγ expression in the CD46+ adult brains ([@bb0205]). Thus, we investigated the infiltration of T cells in neonatal brains after MV infection. Using flow cytometry of whole brain homogenates, the numbers of CD4 and CD8 T cells in the neonatal brain were quantified at 4, 7, and 10 dpi, which corresponds to time points where T cells are first observed by immunohistochemistry (4 dpi) and time points that parallel peak infiltration of T cells in adults (7 and 10 dpi). At 4 dpi, there is no difference in the number of CD4 or CD8 T cells in the infected CD46+ neonates compared to uninfected controls ([Fig. 5](#f0025){ref-type="fig"}A and B). There is higher infiltration of CD4 T cells in the absence of IFNγ early in infection at 4 dpi ([Fig. 5](#f0025){ref-type="fig"}A). Similarly, at 7 dpi, significant CD4 T cell infiltration was observed only in the absence of IFNγ ([Fig. 5](#f0025){ref-type="fig"}C), whereas CD8 T cell infiltration was induced in MV-infected neonates regardless of IFNγ expression ([Fig. 5](#f0025){ref-type="fig"}D). At later stages of infection (10 dpi), significant infiltration of CD4 ([Fig. 5](#f0025){ref-type="fig"}E) and CD8 T cells ([Fig. 5](#f0025){ref-type="fig"}F) was observed only in the CD46+/IFNγ-KO pups in comparison to uninfected controls. CD46+ pups did not show a significant increase in CD4 or CD8 T cells at 10 dpi, although a trend toward increasing CD8 T cell number was observed (p = 0.082). Comparing across genotypes, CD46+/IFNγ-KO neonates have significantly higher infiltration of CD4 T cells (p \< 0.001) and CD8 T cells (p \< 0.05) compared to CD46+ neonates at 10 dpi. Thus, these results suggest that IFNγ may have a suppressive/anti-inflammatory effect on T-cell infiltration at later time points in infection.Fig. 5Neonates show higher T cell infiltration at later stages of infection in the absence of IFNγ.Flow cytometry was performed on whole brain homogenates for CD4 T cells (CD3+/CD4+/CD19−) or CD8 T cells (CD3+/CD8+/CD19−). CD4 T-cells (left column; A, C, E) and CD8 T cells (right column; B, D, E) were quantified in uninfected and MV-infected CD46+ and CD46+/IFNγ-KO neonates at 4 (A, B), 7 (C, D), and 10 dpi (E, F). The black line represents the mean number of cells for each group. Results represent pups from 4 to 5 different litters. Statistical analysis was applied by two-way ANOVA (\*p \< 0.05, ^\#^p \< 0.001) with Bonferroni post hoc test.Fig. 5

3.7. Greater CD4 T cell infiltration in adults compared to neonates regardless of IFNγ expression {#s0090}
-------------------------------------------------------------------------------------------------

We next determined whether there were age-dependent differences in the number of T-cells infiltrating into the brain ([Fig. 6](#f0030){ref-type="fig"} ). CD46+ and CD46+/IFNγ-KO adults have a significantly higher number of CD4 T cells compared to neonates of both genotypes in infected whole brain tissue ([Fig. 6](#f0030){ref-type="fig"}A, p \< 0.05). CD8 T cells in CD46+/IFNγ-KO adults are significantly higher compared to MV-infected neonates ([Fig. 6](#f0030){ref-type="fig"}B, p \< 0.05). However, in the CD46+ genotype, there is no difference in the number of CD8+ T cells between adults and neonates. Additionally, in contrast to the neonates, there is no difference in the T cell numbers between CD46+ and CD46+/IFNγ-KO adults. We also compared the CD4:CD8 T cell ratio in adults and neonates. CD46+ adults (5.9), CD46+/IFNγ-KO adults (2.6), and CD46+/IFNγ-KO neonates (2.9) were skewed toward CD4 T cells. Whereas CD46+ neonates (0.5) have a ratio that is skewed toward CD8 T-cells. Of note, only CD46+ adult mice can control MV in the CNS ([@bb0205]). This suggests that CD46+ neonates and the CD46+/IFNγ-KO mice lack adequate CD4+ T cell helper function, which may contribute to the relatively high viral load and poor pathological outcome.Fig. 6CD4 T cell infiltration in the CNS is greater in MV-infected adults than in neonates.Whole brain homogenates from neonatal and adult CD46+ (A) and CD46+/IFNγ-KO (B) mice were analyzed for infiltrating T cells at 7 dpi. Flow cytometry was performed for CD4 T cells (CD3+/CD4+/CD19−) or CD8 T cells (CD3+/CD8+/CD19−). Mice from 4 to 5 different litters were compared for each condition. Statistical analysis was applied by two-way ANOVA (\*p \< 0.05) with Bonferroni post hoc test.Fig. 6

3.8. CD46+ neonates and adults differentially express PRRs and Type 1 interferons during infection {#s0095}
--------------------------------------------------------------------------------------------------

As we observed greater T cell infiltration in the adults despite a lower viral load than the neonates, we considered the possibility that enhanced expression of pattern recognition receptors (PRRs), and subsequent Type I IFN expression, could correlate with the relatively robust immune response that is eventually induced in adults. Recognition of viral RNA by PRRs such as the cytoplasmic retinoic acid-induced gene-I (RIGI) and the membrane bound Toll-like receptors (TLRs) lead to the induction of Type 1 IFNs, which are significant early steps in viral control ([@bb0010], [@bb0380], [@bb0390]). For our analysis, we focused on RIGI, which is expressed in the brains of MV-infected transgenic mice expressing Hsp70, and TLR 3 and 7, which recognize viral RNAs ([@bb0115], [@bb0305]). TLR3, in particular, has been shown to be induced by the MV-Edmonston strain in cell lines ([@bb0335]). During infection of CD46+ mice, both CD46+ and CD46+/RAG2-KO neonates upregulate RIGI mRNA (12.2-fold and 24.4-fold respectively, [Fig. 7](#f0035){ref-type="fig"}A) in the brain, whereas infected CD46+ adults did not demonstrate significant upregulation of RIGI mRNA with infection ([Fig. 7](#f0035){ref-type="fig"}B). CD46+ MV-infected neonates show significantly higher expression of RIGI mRNA compared to CD46+ adults ([Fig. 7](#f0035){ref-type="fig"}B). CD46+ neonates did not upregulate either TLR3 or TLR7 mRNA ([Fig. 7](#f0035){ref-type="fig"}E and I), while CD46+/IFNγ-KO neonates upregulated TLR3 mRNA (41-fold; [Fig. 7](#f0035){ref-type="fig"}E) and CD46+/RAG2-KOs upregulated TLR7 mRNA (11-fold; [Fig. 7](#f0035){ref-type="fig"}I). In contrast, CD46+ adults upregulate TLR3 mRNA (2.3 × 10^5^-fold) and TLR7 mRNA (37.3-fold) to a greater extent than the any genotype of the MV-infected neonates ([Fig. 7](#f0035){ref-type="fig"}F and J). These results suggest that the CD46+ adult mice may rely on the TLR family of proteins for recognition of the virus.Fig. 7MV-infection induces distinct expression of pattern recognition receptors in the neonatal and adult CNS.Brains of uninfected and MV-infected CD46+ mice were analyzed for the mRNA and protein expression of pattern recognition receptors (PRRs) at 7 dpi. CD46+, CD46+/IFNγ-KO, and CD46+/RAG2-KO neonates (first column) or CD46+ neonates and adults (second, third, and fourth columns) were compared. qRT-PCR analysis of the whole brain was performed for RIGI (A, B), TLR3 (E, F), and TLR7 (I, J). mRNA expression is shown as the fold-change normalized to the CD46+ uninfected controls (n = 4--5 mice/condition). Lysates of hippocampal (C, G, K) and cerebellar (D, H, L) tissue were analyzed by western blots for RIG-I (C, D), TLR3 (G, H), and TLR7 (K, L). Protein expression is shown as the fluorescence signal for each protein quantified and normalized to GAPDH (n = 3--4 mice/condition). Each bar represents the mean fold-change and SEM. Statistical differences were determined by two-way ANOVA (\*p \< 0.05, ^\#^p \< 0.001) with Bonferroni post hoc test.Fig. 7

To confirm the mRNA results from whole brain lysates, we examined protein levels of these PRRs in the hippocampus and cerebellum, two brain regions that show high levels of viral infection in neonatal mice. In accordance with the whole brain mRNA, RIGI protein was upregulated with infection in both the hippocampus and cerebellum of infected neonates (22-fold and 15.6-fold versus infected CD46+ adults respectively, [Fig. 7](#f0035){ref-type="fig"}C and D). In contrast with the whole brain mRNA findings, TLR3 protein was not significantly upregulated by adults or neonates in either brain region ([Fig. 7](#f0035){ref-type="fig"}G and H). Additionally, TLR7 protein was upregulated only in the infected CD46+ neonatal cerebellum (6.3-fold) versus uninfected controls ([Fig. 7](#f0035){ref-type="fig"}L) and not in the hippocampus ([Fig. 7](#f0035){ref-type="fig"}K). These findings suggest that changes in whole brain mRNA do not necessarily correlate with protein expression in brain regions that carry a high viral load, particularly in adult CD46+ mice, which experience restricted "hot spots" of viral replication in the brain. Moreover, these results imply that neonates, but not adults, induce RIGI expression in the brain tissue during infections.

PRR signaling can trigger the expression of Type I IFNs. Gene expression of the PRRs is further enhanced by elevated IFN expression, allowing for a greater detection of invading pathogens ([@bb0280]). Given the differential expression of PRRs observed in the CD46+ mice, we reasoned that there may be age-dependent differences in the expression of the Type 1 IFNs. Early in infection (3 dpi), we did not observe significant expression of IFNα4 or IFNβ in the adults or neonates of any CD46+ genotype ([Fig. 8](#f0040){ref-type="fig"} ). As the infection progressed (7 dpi), CD46+/IFNγ-KO neonates upregulated IFNα4 (29-fold) to a greater extent in comparison to CD46+ (7.5-fold) and CD46+/RAG2-KO (5.7-fold) neonates post-infection, whereas CD46+ adults did not increase the expression of IFNα4 significantly ([Fig. 8](#f0040){ref-type="fig"}A, B). In contrast, CD46+/RAG2-KO neonates demonstrated greater upregulation of IFNβ in comparison to other neonates (1644.8-fold; [Fig. 8](#f0040){ref-type="fig"}C). Although IFNβ also was upregulated in the CD46+ neonates (122-fold) at 7 dpi, CD46+ adults did not show significant upregulation of IFNβ at either time point ([Fig. 8](#f0040){ref-type="fig"}D). We also analyzed levels of the IFN-responsive gene (ISG), Melanoma Differentiation-Associated protein 5 (MDA5), which is a PRR, as a surrogate for Type I IFN signaling. MDA5 was not induced significantly in infected CD46+ neonates or adults at either time point. At 7 dpi, only the CD46+/IFNγ-KO neonates significantly upregulated MDA5, which may correlate with the elevated IFNα4 observed at this time point. Although it is possible that other IFNα isoforms are expressed in the infected adults, these results suggest that gene expression of Type I IFN and associated ISGs remain relatively low at the start of infection in both neonates and adults, when Type I IFN expression would be expected to dominate. Thus, we propose that the less effective immune response in neonates is not attributable to a diminished Type I IFN response.Fig. 8Neonatal mice induce greater expression of Type I interferons during MV infection in comparison to adults.Brains of uninfected and MV-infected CD46+ mice were analyzed for the mRNA expression of Type I interferons at 3 dpi and 7 dpi. CD46+, CD46+/IFNγ-KO, and CD46+/RAG2-KO neonates (left column; A, C, E) and CD46+ neonates and adults (right column; B, D, F) were compared. qRT-PCR analysis was performed for IFNα4 (A, B), IFNβ (C, D) and MDA5 (E, F). Relative gene expression is shown as the fold-change normalized to the CD46+ uninfected controls (n = 4--5 mice/condition). Each bar represents the mean fold-change and SEM. Statistical differences were determined by three-way ANOVA (\*p \< 0.05, ^\#^p \< 0.001) with Bonferroni post hoc test.Fig. 8

3.9. MV-infected neonates upregulate Th1 cytokine and chemokine genes in the CNS {#s0100}
--------------------------------------------------------------------------------

Although Type I IFN expression was not deficient in CD46+ neonates when compared to adults, another possibility is that the cytokine profile produced by the infiltrating neonatal immune cells is not appropriate for viral control. We hypothesized that neonates may express a Th2-biased cytokine response in the CNS, as has been noted in many peripheral infections ([@bb0135]) and could contribute to ineffective viral clearance. To address this question, we examined the mRNA expression of 84 cytokine and chemokines genes in the MV-infected adult and neonatal brains using a qRT-PCR array. [Table 1](#t0005){ref-type="table"} lists genes that were significantly upregulated by ≥2 fold in the MV-infected neonates and adults compared to age-matched, uninfected controls. Classical Th2 cytokines such as IL-4, IL-5, and IL-13 were not upregulated in either MV-infected neonates or adults. Rather, many Th1-associated cytokines were expressed in comparison to uninfected controls at both ages (p \< 0.05; [Table 1](#t0005){ref-type="table"}, top panel). Among the Th1-associated factors, IFNγ (11-fold in neonates, 8-fold in adults), IL-1β (3-fold in adults and neonates) and chemokine (C-X-C motif) ligand 10 (Cxcl10; 85-fold in neonates, 44-fold in adults) were upregulated during MV infection at both ages. The anti-inflammatory cytokine interleukin-1 receptor antagonist (IL1rn) is also upregulated in both neonates (17.84-fold) and adults (14.4-fold) post-infection, as well as the expression of several other chemokines genes (Ccl12, Ccl3, Ccl4, Ccl5, Cxcl11 and Cxcl13). These findings suggest that the expression of many inflammatory genes is age-independent in the brain.Table 1Gene expression of pro- and anti-inflammatory cytokines in MV-infected neonatal and adult brains. Gene expression of cytokines and chemokines in measles virus-infected neonatal and adult brains. Brain tissue from uninfected and MV-infected CD46+ neonates and adults were collected for RNA extraction at 7 dpi. qRT-PCR array analysis was performed using the RT^2^ Profiler™ PCR Array. Changes in the gene expression that were more than two-fold relative to the uninfected controls are shown (p \< 0.05 by students *t* test). All data were normalized against levels of housekeeping genes within the same sample.Table 1GeneDescriptionCD46+ NeonateCD46+ AdultFold change*p*-ValueFold change*p*-ValueCxcl10Chemokine (C-X-C motif) ligand 1084.620.01144.430.049IL1rnInterleukin 1 receptor antagonist17.840.01614.40.025Ccl5Chemokine (C-C motif) ligand 515.180.00710.840.016IFNγInterferon gamma11.080.0278.10.021Ccl4Chemokine (C-C motif) ligand 410.540.0125.030.026Ccl12Chemokine (C-C motif) ligand 125.690.03215.910.011Cxcl13Chemokine (C-X-C motif) ligand 133.890.02919.180.033Ccl3Chemokine (C-C motif) ligand 33.730.0213.220.0003IL1βInterleukin 1 beta3.270.0273.040.014Ccl2Chemokine (C-C motif) ligand 215.330.042Ccl7Chemokine (C-C motif) ligand 79.310.017TnfTumor necrosis factor8.380.016IL12bInterleukin 12B7.870.02OsmOncostatin M4.440.009Xcl1Chemokine (C motif) ligand 13.840.03IL27Interleukin 273.40.031Cxcl11Chemokine (C-X-C motif) ligand 112.580.025IL10Interleukin 102.360.03Cxcl9Chemokine (C-X-C motif) ligand 917.670.02Ccl11Chemokine (C-X-C motif) ligand 112.670.002IL1αInterleukin 1 alpha2.670.021Cxcl16Chemokine (C-X-C motif) ligand 162.430.01Ccl22Chemokine (C-C motif) ligand 222.270.039Tnfsf10TNF (ligand) superfamily, member 102.260.038FaslFas ligand (TNF superfamily, member 6)2.140.015IL7Interleukin 72.180.046

Neonates and adults also upregulate unique subsets of genes in an age-dependent manner during infection ([Table 1](#t0005){ref-type="table"}, middle and bottom panel). The expression of tumor necrosis factor (TNF) is significantly increased in MV-infected neonates, but not in adults. Interleukin 10 (IL-10), a global suppressor of the immune response ([@bb0190]), was the only Th2-related cytokine to be upregulated in MV-infected neonates. CCL2, which is associated with reduced microglial/macrophage activation in adult infection with mouse hepatitis virus (MHV), ([@bb0365]) is elevated only in infected neonates ([Table 2](#t0010){ref-type="table"} ). MV-infected adults also expressed unique inflammatory genes that were not activated in the neonates. Adult mice show increased expression of the IFNγ-inducible gene CXCL9 (17.67-fold) ([@bb0035]), which suggests that IFNγ-responsive gene expression may be partially dependent on age. Of note, gene expression in uninfected neonates and adults revealed modest baseline differences in the absence of infection (Supplemental Table 1). For example, adult mice expressed higher baseline levels of IL-12a (3.98-fold), IL-17a (2.13-fold), and IL-2 (2.13-fold) in the brain than uninfected neonates. Of these cytokines, IL-12a was the only factor to be upregulated by the neonates upon infection (7.87-fold versus uninfected neonates, [Table 1](#t0005){ref-type="table"}). Together, this data suggests that the majority of cytokines/chemokines that are induced upon infection are distinct from factors that show an age-dependent difference in uninfected controls.Table 2Gene expression of pro- and anti-inflammatory cytokines in immunocompetent and immunocompromised neonates. Gene expression of cytokines and chemokine in measles virus-infected CD46+, CD46+/IFNγ-KO and CD46+/RAG2-KO neonates. Brain tissue was collected from uninfected and infected neonates and RNA was extracted at 7 dpi. qRT-PCR array analysis was performed using the RT^2^ Profiler™ PCR Array. Changes in the gene expression that were more than two-fold relative to the uninfected controls are shown (p \< 0.05 by student *t* test). All data were normalized against levels of housekeeping genes within the same sample.Table 2GeneDescriptionCD46+ neonateCD46+/IFNγ-KO neonateCD46+/RAG2-KO neonateFold change*p*-ValueFold change*p*-ValueFold change*p*-ValueCxcl10Chemokine (C-X-C motif) ligand 1084.620.011291.380.001771.130.023IL1rnInterleukin 1 receptor antagonist17.840.01668.960.003214.90.0008Ccl5Chemokine (C-C motif) ligand 515.180.00733.490.013132.970.013IFNγInterferon gamma11.080.027----15.020.023Ccl4Chemokine (C-C motif) ligand 410.540.01232.550.007153.190.0001Ccl12Chemokine (C-C motif) ligand 125.690.032----272.950.001Cxcl13Chemokine (C-X-C motif) ligand 133.890.02914.110.01641.240.006Ccl3Chemokine (C-C motif) ligand 33.730.0218.350.00331.050.0001IL1βInterleukin 1 beta3.270.0275.90.0039.850.005Ccl2Chemokine (C-C motif) ligand 215.330.04235.890.018493.990.001Ccl7Chemokine (C-C motif) ligand 79.310.01716.460.024164.180.024TnfTumor necrosis factor8.360.01617.90.00772.050.009IL12bInterleukin 12B7.870.0215.280.008199.930.03OsmOncostatin M4.440.0095.580.02411.290.023Xcl1Chemokine (C motif) ligand 13.840.0313.980.00921.720.047IL27Interleukin 273.40.0316.490.00114.550.005Cxcl11Chemokine (C-X-C motif) ligand 112.580.0255.230.007170.018IL10Interleukin 102.360.03--------Cxcl9Chemokine (C-X-C motif) ligand 99.080.00471.630.008IL6Interleukin 64.770.00916.850.004B2mBeta 2 microglobulin4.490.00211.860.024IL1αInterleukin 1 alpha3.560.00033.660.021CXCL1Chemokine (C_X\_C) ligand 12.260.036----Ccl11Chemokine (C-C motif) ligand 1111.170.012Cxcl16Chemokine (C-X-C motif) ligand 167.230.0001CSF1Colony stimulating factor 16.920.0001IL15Interleukin 156.120.0009Ccl22Chemokine (C-C motif) ligand 226.180.012Ccl19Chemokine (C-C motif) ligand 195.750.0001Tnfsf10TNF (ligand) superfamily, member 105.550.0002IL5Interleukin 53.680.03Ccl17Chemokine (C-C motif) ligand 173.560.04CNTFCiliary neurotrophic factor3.310.008IL3Interleukin 33.090.04Tnfsf13bTNF (ligand) superfamily, member 13b2.430.045IL7Interleukin 72.340.046Bmp7Bone morphogenetic protein 73.90.02Bmp6Bone morphogenetic protein 63.40.004Bmp4Bone morphogenetic protein 430.024Bmp2Bone morphogenetic protein 22.850.036MstnMyostatin2.520.029

To address differences in survival between the immunocompetent and immunocompromised neonates, we also explored cytokine/chemokine expression in CD46+, CD46+/IFNγ-KO and CD46+/RAG2-KO neonatal brains ([Table 2](#t0010){ref-type="table"}). CD46+/IFNγ-KO and CD46+/RAG2-KO neonates expressed unique subsets of genes that were not upregulated in the immunocompetent CD46+ mice. CD46+/IFNγ-KO neonates upregulated CXCL1 in the brain, which can act as a neutrophil chemoattractant and may partially explain the greater neutrophil infiltration observed in these mice ([Fig. 4](#f0020){ref-type="fig"}) ([@bb0030]). Surprisingly, CD46+/IFNγ-KO neonates also upregulated CXCL9, which is classified as an IFNγ-inducible gene, suggesting that IFNγ-independent pathways may also regulate CXCL9 expression in the CNS. The CD46+/RAG2-KO neonates, which demonstrated less mortality during infection, activated a number of genes that were not observed in the other neonates ([Table 2](#t0010){ref-type="table"}, bottom panel). Various cytokines (IL-5, IL-7, IL-15, and bone morphogenic proteins (BMP) 2, 4, 6, and 7) and chemokines (CCL11, CCL17, CCL19, CCL22, CXCL16) were induced only in CD46+/RAG2-KO brains upon infection. However, comparison of the baseline gene expression between uninfected neonates demonstrates that CD46+/RAG2-KOs have lower basal expression of some of the factors that are upregulated during infection (e.g. the BMPs, CCL11, and CCL17; Supplemental Table 2) in comparison to the uninfected CD46+ neonates. Thus, although the CD46+/RAG2-KO neonates express many unique genes upon infection, a subset of these genes are expressed endogenously at low basal levels.

As was seen in the CD46+ neonates and adults, there was overlap in the expression of some Th1-related factors in the neonatal mice. CXCL10 showed the greatest induction in all infected neonates: CD46+ (84.6-fold), CD46+/IFNγ-KO (291.4-fold) and CD46+/RAG2-KO neonates (771.1-fold). IFNγ is upregulated in the CD46+ (11.1-fold) and CD46+/RAG2-KO neonates (15.0-fold), suggesting that innate immune cells are contributing to IFNγ production the absence of T cells. With the exception of IL-10, genes that were activated in the CD46+ neonates but not in the CD46+ adults ([Table 1](#t0005){ref-type="table"}, middle panel) also were expressed in CD46+/IFNγ-KO and CD46+/RAG2-KO neonates. For example, TNF is upregulated in CD46+ (8.4-fold), CD46+/IFNγ-KO (17.9-fold) and CD46+/RAG2-KO (72.1-fold) neonates, but there is no upregulation in the adults. In addition, genes that were only expressed in the CD46+ adults when compared to CD46+ neonates (e.g. CXCL9, CCL11; [Table 1](#t0005){ref-type="table"}, bottom panel) were all expressed in the CD46+/RAG2-KO neonates upon infection. Thus, the CD46+/RAG2-KO neonates express a cytokine profile that includes factors that are controlled in an age-dependent manner in the immunocompetent CD46+ mice.

3.10. IFNγ induction occurs independently of age, but activation of the IFNγ-responsive gene CIITA occurs only in adults {#s0105}
------------------------------------------------------------------------------------------------------------------------

To confirm the results of the RT array, we examined the mRNA induction of IFNγ in brain tissue through qRT-PCR at 7 dpi. Expression of IFNγ mRNA was higher in CD46+ neonates compared to CD46+/RAG2-KO neonates ([Fig. 9](#f0045){ref-type="fig"}A). Induction of IFNγ mRNA was also greater in CD46+ neonates than in adults ([Fig. 9](#f0045){ref-type="fig"}B). While we had observed the induction of some IFNγ-responsive genes in both age groups ([Table 1](#t0005){ref-type="table"}), adult mice also expressed IFNγ-responsive genes that were not expressed in neonates (e.g. CXCL9), suggesting that neonatal mice may have impaired IFNγ signaling. To investigate the downstream effects of IFNγ signaling, we compared the mRNA expression of CIITA (Class II Major Histocompatibility Complex Transactivator), a critical regulator of MHC-II induction and a IFNγ-responsive gene ([@bb0250]). There was no difference in CIITA expression among the three genotypes of the neonates ([Fig. 9](#f0045){ref-type="fig"}C), despite the expression of IFNγ in CD46+ (11.5-fold) and CD46+/RAG2-KOs (4.4-fold) neonates. However, CD46+ adults induced greater CIITA expression (11-fold) compared to uninfected controls and compared to infected CD46+ neonates ([Fig. 9](#f0045){ref-type="fig"}D), despite less expression of both IFNγ and MV. These results suggest that although IFNγ may be induced in the brain during infection, there may be deficiencies in IFNγ signaling or transcriptional activation in the neonatal brain.Fig. 9Despite elevated IFNγ expression during infection, transcription of IFNγ-responsive genes is age-dependent.Brains of uninfected and MV-infected CD46+ mice were analyzed for the mRNA expression of IFNγ and CIITA at 7 dpi. CD46+, CD46+/IFNγ-KO, and CD46+/RAG2-KO neonates (left column; A, C) and CD46+ neonates and adults (right column, B, D) were compared. qRT-PCR analysis was performed for IFNγ (A, B) and CIITA (C, D). Relative gene expression is shown as the fold-change normalized to the CD46+ uninfected controls (n = 4--5 mice/condition). Each bar represents the mean fold-change and SEM. Statistical differences were determined by two-way ANOVA (\*p \< 0.05, ^\#^p \< 0.001) with Bonferroni post hoc test.Fig. 9

3.11. IFNγ delays neonatal mortality and reduces CD4 T cell infiltration into the CNS {#s0110}
-------------------------------------------------------------------------------------

Finally, although IFNγ is expressed in neonates, we considered the possibility that IFNγ levels may not be sufficient to overcome the relatively high viral load that is found in comparison to the adults. We treated neonatal mice lacking IFNγ with repeated injections of recombinant IFNγ at the start of infection and every 3 days thereafter until the mice succumbed to the infection. CD46+/IFNγ-KO neonates treated with IFNγ showed prolonged survival in comparison to untreated CD46+/IFNγ-KO neonates, although the IFNγ-treated mice ultimately succumbed to the infection ([Fig. 10](#f0050){ref-type="fig"}A; p \< 0.01 by Log-rank test). As we had observed limited immune cell infiltration in neonatal mice lacking IFNγ, we examined the levels of infiltrating T cells into the CNS with IFNγ treatment at 7 dpi, which is when we first observed a divergence in the survival curves of IFNγ-treated and untreated mice. The numbers of CD4 T cells in the brain was reduced with IFNγ treatment ([Fig. 10](#f0050){ref-type="fig"}B), while CD8 T cells numbers were unchanged ([Fig. 10](#f0050){ref-type="fig"}C). These results suggest that IFNγ exerts an anti-inflammatory effect in neonates that limits infiltration of some immune cells and prolongs survival during viral infections in the brain.Fig. 10IFNγ delays mortality and reduces CD4 T cell infiltration in CD46+/IFNγ-KO neonates.Kaplan-Meier plot of CD46+/IFNγ-KO neonates infected intracranially with measles virus (MV) (10\^4 PFU/10 μl PBS) at 2 days of age and treated with recombinant IFNγ (100 U in 10μl PBS at the start of infection and every three days post-infection). Mice were monitored for symptoms of illness and death until all mice had succumbed to infection. Statistical analysis was applied by log rank test (p \< 0.01). Results from two separate litters were pooled (n = 7--10 mice per condition). Whole brain homogenates were analyzed by flow cytometry for CD4 T cells (A; CD3+/CD4+/CD19−) or CD8 T cells (B; CD3 +/CD8 +/CD19-) at 7 dpi from untreated (black bars) and IFNγ-treated (gray bars) CD46+/IFNγ-KO neonates infected with MV. Mice from 3 to 5 different litters were compared for each condition. Each bar represents the average number of T cells per 1 × 10^5^ events and the error bars represent SEM. Statistical differences were determined by student *t*-test (\*p \< 0.05, ^\#^p \< 0.001).Fig. 10

4. Discussion {#s0115}
=============

In this study, we demonstrated that the neonatal immune response mirrors many facets of a successful adult response in the brain, including infiltration of multiple innate immune cells and CD4 and CD8 T cells, as well as IFNγ production. Regardless, CD46+ neonates succumb to infection despite mounting a Th1-like, but apparently defective, inflammatory response. Our findings are consistent with the observation that neonatal immune responses are often ineffective at controlling viruses and other pathogens (reviewed in ([@bb0260]). However, our findings also contrast with many studies of neonatal peripheral infections, which suggest that a Th2-like bias (with IL-4 and IL-5 expression) predominates during anti-microbial responses ([@bb0005], [@bb0385]).

We characterized the role of the Th1 cytokine IFNγ during a neonatal immune response in the brain because IFNγ is indispensable for neuronal clearance of many different viruses ([@bb0040], [@bb0055], [@bb0125], [@bb0145], [@bb0225]). However, it is important to note that IFNγ also plays both pro- and anti-inflammatory roles in a variety of pathological conditions ([@bb0195]), in addition to roles in host defense. We reasoned that IFNγ may be protective in the developing CNS during an infection, where neurogenesis and synaptic refinement are active. We have previously shown that IFNγ protects the neural stem cell pool, but does not preserve neurogenesis, in MV-infected CD46+ neonates ([@bb0080]), suggesting that IFNγ can prevent neural stem loss but cannot prevent loss of function. In the current study, CD46+ pups lacking IFNγ succumb earlier to the infection despite greater infiltration of macrophages, neutrophils, T cells and higher microglial numbers than wildtype pups, which highlights the pleiotropic nature of this cytokine in influencing both leukocyte and neural cell activity. Our findings are also consistent with models of experimental autoimmune encephalitis and sindbis virus infection, where mice deficient in IFNγ signaling demonstrate more severe inflammation and T cell infiltration in the CNS ([@bb0155], [@bb0375]). Therefore, it is possible that IFNγ plays a protective role by limiting inflammation in the brain during an infection, which is supported by our observation that IFNγ treatment limited CD4 T cell infiltration and prolonged survival ([Fig. 10](#f0050){ref-type="fig"}).

Multiple studies have shown that neonates have poor Th1 function and a strong Th2 response during microbial infections ([@bb0020], [@bb0085], Powell and [@bb0320], [@bb0290]). This Th2 bias may be due to delayed maturation of accessory cells or intrinsic epigenetic factors in neonatal T cells. ([@bb0160]). Th2-like responses are not typically associated with IFNγ production, which is a hallmark of Th1 responses ([@bb0285]). Given the significance of IFNγ in viral control in neurons, we predicted that the failure of CD46+ pups to control MV would be due to a Th2-bias in the brain. In neonates, we observed greater induction of IFNγ in response to infection as well as the induction of some IFNγ-responsive genes (CXCL10, CXCL11). However, it is important to note that neonatal CD46+ mice failed to activate CXCL9 and CIITA ([Table 1](#t0005){ref-type="table"} and [Fig. 9](#f0045){ref-type="fig"}), both of which are IFNγ-inducible genes, despite greater induction of IFNγ than adults. These findings suggest that IFNγ signaling may be limited in the neonatal CNS, at least in regard to the profile of genes that are activated. Previous studies in CD46+ neonates demonstrate elevated expression and activation of Signal transducer and activator of transcription 1 (STAT1), the canonical signaling molecule downstream of IFNγ, in the hippocampus during infection ([@bb0080]). However, both Type I and II interferons signal through STAT1, so it is possible that STAT1 activation in neonates does not reflect robust IFNγ signaling per se at 7 dpi, when Type I IFNs are also expressed. Regardless of the level of STAT1 activation, the disparity in the activation of IFNγ-inducible genes suggests that the outcomes of IFNγ signaling may be dictated by age-related factors.

CD46+/IFNγ-KO neonates, which had the highest levels of immune cell infiltration among the neonatal genotypes, succumbed to the infection sooner than neonates expressing IFNγ. The greater infiltration of neutrophils may contribute to the earlier death observed in the absence of IFNγ, as neutrophil activation during viral infections can lead to tissue damage ([@bb0070], [@bb0315]). C57BL/6 mice infected with influenza A virus require IFNγ to modulate neutrophil activity in the lung and prevent tissue pathology ([@bb0310]). Thus, the heightened numbers of neutrophils, along with a lack of modulation of neutrophilic activity by IFNγ, may play role in neuropathology in the CD46+/IFNγ-KO neonates. Greater numbers of macrophages/microglia were also noted in the absence of IFNγ, which could contribute to pathology by the release compensatory cytokines ([@bb0215]). Another possibility is that the expression of IFNγ limits T cell infiltration into the brain, thereby limiting cytotoxicity but also allowing for greater viral replication in CD46+ neonates. Previous studies in respiratory syncytial virus (RSV)-infected neonates demonstrate that IFNγ expression or administration in the lung leads to reduced recruitment of CD4 and CD8 T cells ([@bb0075]). Thus, a lack of IFNγ expression may allow for greater recruitment of immune cells into the CNS in CD46+/IFNγ-KO neonates, thereby contributing to greater immunopathology and earlier death. Together, these studies suggest that neonatal expression of IFNγ during a viral infection confers an anti-inflammatory effect, which limits T cell recruitment and tissue damage.

The delay in mortality of the CD46+/RAG2-KO neonates with low viral load lends support to the idea that the neonatal T cell response may contribute to neuropathology. Although, the mechanism of protection in the CD46+/RAG2-KO mice requires further study, these findings suggest that the lack of adaptive immune response may be beneficial to survival in the infected neonates. Other models of viral CNS infections, including some strains of west Nile virus and dengue virus, show that the CD8 T cell response induces immunopathology while also providing protection against the virus ([@bb0015], [@bb0120]). Cytotoxic T cells also play a more pathogenic role during infections with Murray Valley encephalitis virus, where mice lacking granule exocytosis showed prolonged survival ([@bb0165]). Of note, while providing evidence for a detrimental role for T cell activity during a CNS infection, these studies were performed in adult mice, which contrasts with findings in the adult CD46+ model where viral control is not associated with immunopathology. The CD46+/RAG2-KO neonates were capable of expressing IFNγ during infection, which also suggests that other immune cells, such as neutrophils, were able to compensate for the lack of T cells through expression of key cytokines. A separate, but not mutually-exclusive explanation for the protection observed in CD46+/RAG2-KO neonates is the robust induction of IFNβ. In studies of neonatal mice lacking the type I IFN receptor (IFNAR −/−), MV infection in the CNS was associated with greater mortality than in wildtype neonates ([@bb0115]). However, although primary neurons can express IFNβ, exposure to IFNβ alone is insufficient to prevent MV replication in neurons ([@bb0050]). Thus, one possibility is that elevated IFNβ expression leads to activation of innate immune cells in the brain, which could subsequently contribute to the reduced mortality seen in CD46+/RAG2-KO neonates.

Adult CD46+ mice depend upon CD4 T cells in concert with CD8 T cells or B cells in order to survive a CNS infection with MV ([@bb0300], [@bb0345]). The deletion of CD4 T cells alone results in death of adult CD46+ mice, whereas depletion of CD8 T cells is associated with less viral control but no changes in survival ([@bb0300]). Within the adult brain, the CD4:CD8 T cell ratio revealed a greater proportion of CD4 T cells (5.9; [Fig. 8](#f0040){ref-type="fig"}). In C57BL/6 mice, which are the background strain of the CD46+ model, the CD4:CD8 ratios are relatively low in the spleen, as we also observed in splenocytes from the CD46+ adult mice (1.7; data not shown) ([@bb0200]). During some viral infections, the CD4:CD8 ratio reverses to a greater proportion of CD8 T cells, where the CD8 T cells become necessary for viral clearance either through cytolytic or non-cytolytic mechanisms ([@bb0045], [@bb0360]). The high CD4:CD8 ratio in the adult CD46+ brains, where viral clearance is successful, may suggest that a greater proportion of CD4 help is required to respond to neuronal infections non-cytolytically. These observations in MV-infected adult mice contrast with our findings in CD46+ pups, where the CD4:CD8 ratio skewed toward CD8 T cells ([Fig. 7](#f0035){ref-type="fig"}). One possibility is that the low proportion of CD4 T cells does not provide sufficient stimulation to the CD8 T cells to produce a non-cytolytic response. Support for this idea is found in a model of neurotropic mouse hepatitis virus infection, where depletion of CD4 T cells impaired the anti-viral function and survival of infiltrating CD8 T cells ([@bb0230]). Thus, it is possible that the lack of adequate number of CD4 T cells in neonates may lead to inefficient activation of effector CD8 T-cells and a lack of viral clearance.

Although CD46+ neonates and adults upregulated similar Th1 cytokines and chemokines in the CNS, the expression of some cytokines during infection was age-dependent. Neonatal mice express the anti-inflammatory cytokine IL-10, which is classically associated with Th2-like responses and repression of Th1 cytokine synthesis ([@bb0060]). In the CNS, recombinant expression IL-10 is protective against virally-induced demyelination and lymphocyte infiltration ([@bb0350]). Endogenous IL-10 also protects against neuropathology caused by coronaviruses and flavivirus in murine models of adult infection ([@bb0355], [@bb0370]). However, the lack of IL-10 induction in CD46+ adult mice suggests that IL-10 is dispensable for non-cytolytic viral clearance from neurons. Similarly, CD46+ neonates, but not CD46+ adults, upregulated TNF during infection. TNF is associated with neuroprotection in models of flavivirus encephalitis ([@bb0100], [@bb0370]). Thus, it is surprising that both IL-10 and TNF would be expressed in the neonatal CD46+ model, where viral clearance fails and neuronal dropout is apparent, but not in the adult CD46+ model, where viral control is successful. One possible explanation is that IL-10 induction in neonates dampens the expression of necessary anti-viral or neuroprotective cytokines but does not completely inhibit them, which may explain the extensive overlap in cytokine profiles between adults and neonates despite disparate outcomes in viral control and survival.

Age-dependent innate immune responses may also contribute to early viral control, even if innate immunity is not responsible for the ultimate resolution of the virus. Previous studies indicate that murine neonatal intestinal epithelial cells fail to express TLR3 in response to rotavirus infection through post-natal days 1--10, which overlaps with the time points reflected in our study ([@bb0240]). Similarly, human cord blood samples do not induce TLR3 in response to poly(I:C) treatment or HSV activation in comparison to adult NK cells ([@bb0295]). In our model, we observed upregulation of TLR3 mRNA in CD46+ adults but not in CD46+ neonates, although TLR3 protein expression in the adult cerebellum and hippocampus did not reflect the changes in whole brain mRNA. In these brain regions, we have seen robust MV infection in the neonates; however, this is not consistently the case in the adult brains, where viral spread is more controlled. Thus, it is possible that the brain regions chosen for protein studies in adults did not always carry sufficient virus to stimulate protein expression of the TLRs. Although, we observed robust RIGI expression in the CD46+ neonates, there is also evidence in human neonatal dendritic cells that RIGI function is impaired and associated with attenuated control of RSV ([@bb0175]). Despite the varied expression of neonatal PRRs in our model, MV infection was associated ultimately with Type I IFN expression, albeit at a later time point during infection (7 dpi). Sindbis infection in neonatal mice is associated with robust Type I IFN expression, but the mice succumb to the infection regardless, much like the CD46+ neonates ([@bb0270]). In contrast, RSV, LaCrosse virus (LACV), chikungunya virus (CHIKV) infections are associated with less robust Type I IFN responses that also fail to control the virus ([@bb0175], [@bb0265], [@bb0340]). CD46+ adult mice that are deficient in IFNAR demonstrate that Type 1 IFN signaling contributes to early viral control, but is dispensable for the ultimate resolution of the virus ([@bb0050]). As we did not observe significant upregulation of the Type I IFNs in CD46+ adults, we suspect that Type I IFN is undetectable in whole brain RNA because the expression may be restricted to regions of viral replication, which are relatively limited in the adult brain. Thus, while Type I IFN expression is invoked in many neonatal infection models, the anti-viral response associated with them are often less productive.

From these results, we propose that neonatal immune response is capable of inducing elements of a successful adult response in the brain, including IFNγ and other Th1-related cytokines, but may struggle with the extensive viral load that is produced in the developing neurons. Neurotropic viruses spread readily in less mature or newly-differentiated neurons, which may pose a greater challenge for viral control and clearance in the developing brain ([@bb0235]). This notion is supported by the observation that MV-infected neonates exhibit more widespread expression of viral antigen in multiple brain regions prior to T cell infiltration, which suggests that the virus spreads readily in neonatal brain tissue. IFNγ plays multiple roles during a CNS infection; however, the anti-inflammatory effects of IFNγ may be protective in the neonatal brain through modulation of immune cell infiltration. The combination of aggressive viral spread and a modified cytokine profile ultimately poses substantial challenges for the neonatal immune response in the brain.
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